Introduction
============

One-third of the world's population is infected with *Mycobacterium tuberculosis* (Mtb; Barry et al., [@B4]), the bacterial cause of tuberculosis (TB) that killed approximately 1.7 million people in 2009 (2010). Over 90% of those infected harbor latent Mtb, a dormant state in which bacilli can persist for decades in the host without symptoms (Lin and Flynn, [@B53]). The HIV pandemic coupled with evolving drug resistance (Iseman and Sbarbaro, [@B44]; Cox et al., [@B18]; Gandhi et al., [@B31]; WHO Global Tuberculosis Control Report 2010, [@B96]) has dramatically increased the susceptibility of both infected and uninfected persons, especially those in developing countries and Sub-Saharan Africa (Corbett et al., [@B17]; Aaron et al., [@B1]). New antibiotics and improved vaccines are desperately needed to combat the evolving Mtb threat, but have been elusive in part because of a lack of basic understanding about the complex host--pathogen biology that occurs during infection.

At the heart of these complex interactions is the granuloma, the hallmark pathology of Mtb but also of other diseases, such as Crohn's disease, leprosy, and histoplamosis to name a few (Chambers and Morson, [@B11]; Narayanan, [@B63]; Wheat et al., [@B95]; Wallis et al., [@B93]). The granuloma is a type IV hypersensitivity reaction formed by a special organization of immune cells that contains and kills bacilli, but also provides the long-term home needed for Mtb latency (Saunders and Cooper, [@B75]; Co et al., [@B12]; Russell, [@B73]; Davis and Ramakrishnan, [@B21]). The granuloma consists of macrophages, T-cells, B-cells, dendritic cells (DCs), natural killer (NK)-cells, and fibroblasts. It is initiated by resident macrophages that phagocytose bacilli and release proinflammatory cytokines, such as TNFα, to recruit additional cells (Flynn et al., [@B28]; Roach et al., [@B72]; Algood et al., [@B2]). CD4+ T-cells from the adaptive response are eventually recruited and enhance macrophage-mediated killing of bacilli by the release of IFNγ (Orme, [@B65]; Flynn et al., [@B27]; Stenger and Modlin, [@B87]). A fibrotic cuff encloses the granuloma after collagen deposition by fibroblasts (Dheda et al., [@B24]). Mtb have evolved special strategies to avoid cell-mediated killing during initial control of infection, and therefore a few bacilli persist in granulomas indefinitely (McCune et al., [@B59]; Armstrong and Hart, [@B3]; Sturgill-Koszycki et al., [@B89]; Xu et al., [@B99]; Via et al., [@B91]; Fortune et al., [@B29]; Deretic et al., [@B22]). A better understanding is needed about all parts of granuloma evolution -- from its formation during acute infection, to its maintenance during chronic infection. The latter is especially important since any serious global attempt to combat TB will have to target the two billion latently infected people acting as Mtb reservoirs.

While Mtb was originally thought to have evolved around 10,000 years ago from *Mycobacterium bovis* (Sreevatsan et al., [@B86]), mounting evidence has suggested a much earlier emergence (Mostowy and Behr, [@B62]; Gibbons, [@B35]; Wirth et al., [@B97]; Smith et al., [@B85]). The host--pathogen biology that unfolds in the granuloma is one of the most complex of any host--pathogen pair, likely owing to this long history of co-evolution. Probably the ultimate puzzle of infection is that Mtb's evolutionary strategy is built around the robust, acute granuloma responses that are required for host protection. Mtb hijacks the granuloma, leveraging both its formation and maintenance to allow a few bacilli to escape macrophage anti-microbial responses and persist (Hingley-Wilson et al., [@B41]; Volkman et al., [@B92]). Nevertheless, the granuloma as a host protective response prevents bacilli from disseminating to other tissues by constraining bacterial replication and survival. Bacterial persistence in the granuloma during peak anti-microbial responses is accompanied by changes in bacterial metabolism and changes in host cell metabolism that are in part driven by Mtb effector proteins and lipids (Hingley-Wilson et al., [@B41]; Russell, [@B73]). Up to decades after dormancy Mtb can again change its own metabolism, reactivate, and exert an entirely different pressure on the granuloma that leads to necrotic cell death (Gan et al., [@B30]; Porcelli and Jacobs, [@B69]; Divangahi et al., [@B25]). Necrosis of the granuloma center facilitates bacterial repopulation, dissemination, and finally transmission to other hosts after the granuloma cuff is ruptured during the physical stress of coughing (Manabe and Bishai, [@B54]; Lin and Flynn, [@B53]). The timing for reactivation of latent bacilli corresponds most closely with suppression or decay of important host immune factors which can impair granuloma integrity and set the stage for granuloma necrosis (Saunders and Cooper, [@B75]).

Many questions remain about the details of the complex granuloma--mycobacteria interactions in an infected host. For instance, what cells and at what rate do they traffic to and from granulomas? Cell traffic has important consequences on granuloma formation and maintenance, as well as the priming of systemic immunity by antigen-carrying cells that leave granulomas and migrate to secondary lymphoid organs. It can be technically challenging, however, to know if antigen-carrying cells identified in the lymph nodes have come directly from granulomas. Measuring rates of granuloma repopulation is also similarly difficult because it is almost impossible to know what cells have been there since the formation and which cells are newly arrived. We wanted to circumvent these conventional limitations and sought to develop a system with different color-coded or genetically marked cells to distinguish between cells of the local and systemic environment. We accomplished this goal by transplantation of infected tissue from one mouse to another, in which the fluorescent signature or cell allotype of donor and host tissue is different and can therefore be tracked.

In the same way that the fluorescent signature of donor and host tissues can be differentiated by transplantation, so also can the local and systemic immune environments during *Mycobacterium* infection. While granulomas may form during immune-competent conditions, systemic depletion of important factors, such as CD4+ T-cells, can lead to remodeling of the granuloma structure and reactivation of disease (Kaufmann, [@B46]). Simply infecting immune factor-deficient animals is often an inadequate approach in understanding the effects of systemic depletions on granuloma biology since those same factors may be required for granuloma formation. Transplantation can relocate granulomas from wild (WT) or genetically altered hosts into a recipient with WT or genetically altered characteristics, allowing us to measure the resulting response. This approach helps characterize local and systemic requirements for cells and molecules in the regulation of granulomas. It can also provide insight into the mechanisms of reactivation as well as what types of immune-deficient conditions put latently infected persons at risk.

Here, we highlight the development of this novel model of granuloma transplantation and how it has been used to probe cell trafficking, systemic immune cell priming, and the systemic *vs*. local requirements for host protection factors. We also outline other applications of the system that include its potential as a new latency model to test the effects of host protection factors, bacterial mutants, and new drugs. Ultimately, understanding parts of the mycobacterial host--pathogen biology discussed here will stem more targeted and thoughtful approaches toward new Mtb therapies, and this new tool can help in that endeavor.

Granuloma Transplantation: A New Tool
=====================================

In this model, donor liver infected with *M. bovis* strain bacillus Calmette--Guerin (BCG) is transplanted into recipients by surgical insertion of an infected tissue piece underneath the recipient's kidney capsule (Figure [1](#F1){ref-type="fig"}A). The capsule is rich in blood and oxygen, and so it is a permissive environment for transplanted organ survival. A small 1 mm incision through the capsule is made, and the capsule is pulled away from the kidney creating an open pocket for a piece of infected donor tissue. Approximately 1% of infected donor liver is transplanted. The tautness of the capsule holds the transplant piece in place and prevents it from being dislodged during or after surgery. Humanization of NOG/SCID mice is done by transplantation of human thymus in an almost identical fashion (McCune et al., [@B56]; Kaneshima et al., [@B45]).

![**Intraperitoneal infection of BCG in mice results in mycobac-teria-containing liver granulomas \[(A), left panels\]**. In this transplant model, approximately 1% of infected donor liver tissue is transplanted underneath the kidney capsule of recipient mice \[**(A)**, right panels\]. The high oxygen/blood-rich environment maintains the viability of the tissue piece, and BCG-containing granulomas can be identified by microscopy 2 weeks after surgery. With this model, the total number of transplanted granuloma cells and bacterial CFU can be calculated for both acute and chronic transplant pieces **(B)**.](fmicb-02-00245-g001){#F1}

Bacillus Calmette--Guerin-containing granulomas can be identified in donor-infected tissue both before and up to 2 weeks after transplantation, clearly demonstrating the viability of the tissue piece and survival of bacilli. Transplanted myeloid and lymphoid cells from the donor are almost exclusively from transplanted granulomas. Our experiments have taken advantage of the well-characterized murine BCG liver infection, but the model could also be used with any strain of *Mycobacterium*, including virulent Mtb. Intraperitoneal (IP) infection of BCG in mice results in the formation of liver granulomas that peak in size, bacterial load, and anti-microbial activity by 3 weeks post infection (Co et al., [@B12]). From 3 to 10 weeks post infection, bacterial load decreases 100- to 1,000-fold, and bacilli persist in a non-expanding state in smaller, more organized granulomas. Transplant pieces infected with BCG for 10 weeks mimic some of the latent conditions seen in humans infected with virulent Mtb. The resolution of acute infection and persistence of chronic infection mimics the progression of Mtb infection in humans that is considered a hallmark of the Mtb evolutionary strategy (Barry et al., [@B4]).

With this model both the location and approximate number of transplanted granuloma cells and bacilli can be estimated (Figure [1](#F1){ref-type="fig"}B). These calculations require knowing the total number of granuloma cells and bacterial CFU per organ, the proportion of transplanted organ to the whole, and the individual cell ratio out of the whole cell population. In our hands, IP injection of BCG in mice results in 1 × 10^7^ (±2 × 10^6^) granuloma cells and 5 × 10^5^ CFU (±1 × 10^5^) per gram of liver 3 weeks after infection. At this time granulomas are roughly 70% macrophage, 10% CD4, and 5% CD8. By 10 weeks, infection results in 3 × 10^6^ (±3 × 10^5^) granuloma cells and 5 × 10^4^ CFU (±1 × 10^4^) per liver, granulomas are roughly 70% macrophage, 8% CD4, and 8% CD8. The remaining cellular composition of 3 and 10 week granulomas consists of roughly 5--10% B-cells, 3--5% DCs, 1--2% NK-cells, and 1--2% γδ T-cells (not shown in Figure [1](#F1){ref-type="fig"}B). In our hands, per gram of liver there are approximately 5 × 10^5^ (±1 × 10^5^) CFU 3 weeks post infection and 5 × 10^3^ (±1 × 10^3^) CFU 10 weeks post infection. Since protocols, mice, and bacilli vary between labs, the number of transplanted cells and bacterial CFU will vary as well.

Cell Traffic
============

Granuloma cell traffic is difficult to study on an individual granuloma basis, but undoubtedly plays an important role in several components of granuloma biology. First, cell traffic is required not only in forming granulomas, but also in repopulating short-lived effector cells like CD4+ lymphocytes in existing granulomas. The susceptibility to Mtb reactivation in AIDS patients with ablated CD4+ T-cell numbers demonstrates the importance of this repopulation. Second, cell traffic is a key regulator of systemic immune priming/activation, since mycobacterial antigen from granulomas is captured by mobile cells such as DCs and carried to the lymph nodes (Reljic et al., [@B71]; Humphreys et al., [@B43]; Schreiber and Sandor, [@B80]). One important gap in our knowledge is how, if at all, antigen traffic regulates systemic immune responses during chronic infection and Mtb latency. Mtb's persistence in the granuloma is reflective of its unique ability to influence its local environment and manipulate the processing, trafficking, and presentation of its own antigens (Gercken et al., [@B34]; Stenger et al., [@B88]; Hanekom et al., [@B40]). These processes help Mtb shape the overall immune response in a way that is favorable to its long-term survival in the granuloma. They may also help explain why the current BCG vaccine, while invaluable for protecting children from death by TB meningitis, does not actually prevent infection or provide long-term protection (Fine, [@B26]; Colditz et al., [@B14], [@B13]). Understanding cell traffic and how it regulates antigen trafficking has important consequences on the development of next generation vaccines.

Rates of repopulation
---------------------

To better understand the dynamics and rates of cell traffic into acute and chronic granulomas we transplanted both acutely and chronically BCG-infected colorless liver into GFP-expressing recipients (Schreiber et al., [@B77]). This system, when coupled with immunohistochemistry, allows a convenient way to measure both donor- and recipient-derived cells by comparing GFP+ (R) and GFP− (D) cells in transplanted granulomas (Figure [2](#F2){ref-type="fig"}A). It remains poorly understood how different cell subsets repopulate the granuloma over time, and how this repopulation, if any, differs between acute and chronic granulomas. The data show that 7 days after transplantation, approximately 35% (±4.7%) of CD4+ T-cells in acute granulomas are of recipient origin, and, surprisingly, 40% (±4.3) of CD4+ T-cells are of recipient origin after transplantation of chronic granulomas. Furthermore monoclonal, mycobacterial antigen-specific T-cells migrated into acutely and chronically infected transplanted tissue at a higher rate than of a non-specific polyclonal population. Together, these results show that both antigen-specific and non-specific CD4+ T-cells not only have access to, but also repopulate acute and chronic granulomas at a high rate. Measurements were also made of CD8+ T-cell, B-cell, and NK-cell migration. Seven days after transplant, CD8+ T-cells repopulate acute and chronic granulomas at comparable rates to CD4+ T-cells, while B-cells repopulate chronic granulomas more so than acute ones. Seven days after transplantation 2/3 of B-cells in chronic granulomas are of recipient origins, while only 1/3 are of recipient origin in acute granulomas (Figure [2](#F2){ref-type="fig"}B). NK-cells repopulate acute and chronic granulomas less than T-cells or B-cells. That many cell types have greater access to chronic granulomas than acute granulomas was an especially novel finding. Understanding these differences, as well as why certain cellular subsets such as B-cells have faster exchange rates, has yet to be investigated. Taken together, these results show a dynamic cell migration into both acute and chronic granulomas, and challenge the paradigm that defines chronic granulomas as static structures isolated from the systemic immune environment. These results also demonstrate the ability to measure cell-specific granuloma repopulation over time using granuloma transplantation.

![**Transplantation of BCG-infected liver from colorless donor mice into GFP-expressing mice provides a simple way to distinguish donor and recipient tissues \[(A), left\]**. When coupled with cell-specific antibodies, the proportion of donor (D) and recipient (R) cells in BCG-containing granulomas can be measured. Colocalization of cell-specific (shown here is CD4+ T-cells) and GFP fluorescent signals identifies recipient cells, while cell-specific signal alone identifies donor cells. In the image shown, donor cells are blue only (DAPI) or blue and red (donor CD4+ T-cell), while recipient cells are green (GFP) only or green and red (recipient CD4+ T-cell). Recipient B-cells repopulate chronic granulomas at a higher rate than acute granulomas **(B)**. Seven days after transplant, 2/3 of B-cells in transplanted granulomas are of recipient origin.](fmicb-02-00245-g002){#F2}

This system not only allows measurements of cells that get into granulomas, but also cells that get out. We transplanted infected, GFP-expressing donors into colorless recipients and looked for GFP+ cells in recipient organs like spleen and lymph nodes. The results show that only a limited number of lymphocytes egress from the granuloma, which is not surprising considering most granuloma-resident T- and B-cells are effector cells that live only for a short time. Still, it is unknown if the few lymphocytes that do get out have any influence on the course of infection and anti-microbial immunity. Unlike for lymphocytes, we measured a high rate of DC egress, a cell type that is known to induce systemic immune responses and contribute to bacterial dissemination (Reljic et al., [@B71]; Humphreys et al., [@B43]; Schreiber and Sandor, [@B80]). The consequences of this DC egress is discussed in the next section.

Antigen sampling
----------------

Dendritic cells in chronic granulomas (unlike in acute) express high levels of inhibitory molecules of T-cell activation like programmed death ligand 1 and 2 and low levels of costimulatory molecules (CD40 and B7), and therefore downregulate T-cell responses (Schreiber et al., [@B79]). In the same paper that describes these findings, the authors show that the same DCs that downregulate granuloma T-cell responses in the granuloma can also support systemic anti-microbial ones outside of the granuloma. A better understanding of systemic immune priming during latency will contribute to the development of next generation vaccines and novel therapies. Since the granuloma may be the only niche for mycobacteria during latency, any priming/upkeep of systemic responses likely requires antigen sampling (the removal of antigen from the granuloma by cells that transplant it to the lymph nodes to activate T-cells). Only recently has the fact that antigen sampling occurs during latency gained momentum, supported by studies highlighted in this review (below) and another report that identified antigen-specific T-cells in the peripheral blood of latently infected patients (Schuck et al., [@B81]). Still, the mechanisms and frequency of antigen sampling during Mtb infection remain poorly understood, as well as how these processes might explain the inefficacies of the BCG vaccine. Simply transferring antigen-specific T-cells into chronically infected mice is a limited approach because any measured priming could result from extra-granulomatous bacilli or newly formed lesions. Since the recipients of infected tissue are not infected themselves, the transplant model excludes these possibilities. The only mycobacteria in the system are in transplanted tissue in a known quantity. This makes it an excellent model to study the rate and mechanisms of systemic mycobacterial-specific T-cell priming during infection.

We transplanted infected CD11c-EYFP donors into WT recipients (and vice versa) and adoptively transferred mycobacterial-specific T-cells into recipients to measure T-cell priming that results directly from DC-mediated antigen sampling of acute and chronic granulomas (Schreiber et al., [@B78]). The results show that not only do donor DCs migrate out of transplanted granulomas, but recipient ones also migrate in. Surprisingly, there was a higher rate of recipient DC migration into chronic granulomas than into acute ones. Seven days post-transplant, 35% of DCs in chronic granulomas have been repopulated with recipient DCs, while only 25% have been repopulated in acute granulomas. The data also show that DCs from acute and chronically infected transplants migrate out of granulomas into secondary lymph organs, but do not carry live bacilli, the absence of which was confirmed by fluorescent microscopy and CFU of recipient spleen and lymph nodes. Antigen-specific T-cells undergo proliferation after transfer into recipients of both acute and chronic granulomas. This T-cell priming requires recipient MHC II after transplantation of acute or chronic granulomas. It also requires donor CCR7 (responsible for migration of DCs to secondary lymphoid organs; Cyster, [@B19]; Randolph, [@B70]; Martin-Fontecha et al., [@B55]) from acute granulomas, but not chronic ones. These data demonstrate that after transplantation of acute granulomas, local, donor-derived DCs carry antigen to the lymph node, which is then transferred by an unknown mechanism to recipient DCs and presented to antigen-specific T-cells (Figure [3](#F3){ref-type="fig"}). Antigen sampling after transplantation of chronic granulomas also occurs despite the low bacteria load and restricted amount of antigen. Taken together, these data demonstrate several key points: that both acute and chronic granulomas are intensely surveyed by local and systemic antigen-presenting cells, and that chronic granulomas have previously unappreciated and dynamic interactions with the systemic immune environment.

![**Transplantation of BCG-infected liver using CD11c-EYFP donors or recipients allows tracking of DC migration in and out of acute and chronic granulomas**. After transplantation, donor DCs migrate out of granulomas, and recipient DCs also migrate in. The ability of DCs to prime systemic immune responses after surveying granulomas can be measured when coupled with adoptive transfer of antigen-specific T-cells into transplant recipients. Systemic T-cell priming after transplantation of acute granulomas results from CCR7-dependent migration to the lymph nodes of donor DCs that have BCG antigen. The antigen is transferred to recipient DCs and presented to mycobacterial-specific, transferred T-cells. Priming after transplantation of both acute and chronic granulomas was absolutely dependent on recipient MHC II.](fmicb-02-00245-g003){#F3}

Dissection of the Local and Systemic Requirements of Host Protection Factors
============================================================================

It is known that host protection factors such as T-cells, IFNγ, and TNFα play a vital role in the control of Mtb infection and also the maintenance of latent disease. Lymphocyte-deficient RAG knock-out (KO) mice, which are missing the genes required for T- and B-cell receptor recombination, have a limited ability to form granulomas in response to BCG infection. TNFαKO mice form large, unorganized lesions resulting from altered chemokine expression (Bean et al., [@B5]). IFNγKO mice are unable to induce potent anti-microbial response from mycobacteria-carrying macrophages (Cooper et al., [@B16]; Flynn et al., [@B27]). Unlike WT mice, all three KO animals ultimately die from uncontrolled bacterial replication, highlighting the absolute requirement for these host protection factors.

Many factors required for protection and granuloma formation have been described, but it is not always clear if these factors have to be produced in the granuloma or the systemic environment, or both. The transplant system allows us to better understand the local *vs*. systemic requirements for host protection factors. We transplanted acutely infected WT donor tissue into RAG KO recipients (Figure [4](#F4){ref-type="fig"}A, left) and did not detect bacterial dissemination from the transplants (Figure [4](#F4){ref-type="fig"}B, left). When we transplanted acutely infected RAG KO donor tissue into WT recipients (Figure [4](#F4){ref-type="fig"}A, right), however, bacteria disseminated into spleen and draining renal lymph nodes (Figure [4](#F4){ref-type="fig"}B, right). Similar results were obtained when chronically infected donors were transplanted. These results were especially surprising, since we expected conditions that mimic the ablated CD4+ T-cell numbers seen in AIDs patients to result in extensive bacterial dissemination. That we detected no dissemination suggests that the presence of some local, granuloma-contained host factors like lymphocytes can buffer, even if transiently, against systemic depletions (Figure [4](#F4){ref-type="fig"}C). This may explain why many types of stress on the immune system, such as infection with the common flu, do not usually result in reactivation of latent Mtb.

![**Bacillus Calmette--Guerin-infected WT or RAG KO donors are transplanted into WT or RAG KO recipients (A)**. Four weeks after transplantation, bacterial dissemination is measured by CFU and fluorescent microscopy of recipient spleen and renal lymph nodes **(B)**. Transplantation of infected RAG KO donors into WT recipients, but not WT donors into RAG KO recipients, results in bacterial dissemination **(C)**.](fmicb-02-00245-g004){#F4}

Transplantation of acutely and chronically BCG-infected WT donors into TNFαKO recipients, on the other hand, resulted in bacterial dissemination and expansion (data not shown). These show that, unlike lymphocytes, local TNFα cannot buffer against systemic depletions. Taken together with the lymphocyte-deficient transplants, the data reveal that not only can there be different local and systemic requirements for a single given protection factor, but also that this local/systemic balance is likely different between factors. The transplants we have done so far have allowed us to measure this requirement for only a handful of known important host factors (manuscript in preparation), but this transplant system can be used to measure any factor of interest for which there is a KO or over-expressing mouse.

Latency and Dissemination Model
===============================

Over 90% of the two billion people harboring Mtb are latently infected (Lin and Flynn, [@B53]). After immune stress such as HIV infection or anti-TNFα therapy, Mtb can reactivate and disseminate (Corbett et al., [@B17]). Dormant bacteria are incredibly difficult to detect, isolate, or grow during latency, and so the host--pathogen relationship during this stage remains especially poorly understood. For these same reasons the mechanisms and conditions needed for reactivation and dissemination of latent bacteria is also not well understood. One problem in unraveling Mtb latency and reactivation is the lack of animal latency models. Of the few, the Cornell model from the 1950s is the best described. In this model, Mtb-infected mice are treated with isoniazid and pyrazinamide for several months until there are no detectable bacilli in organ cultures (McCune and Tompsett, [@B58]; McCune et al., [@B57]). After ending treatment, Mtb in 1/3 of infected animals spontaneously reactivate; reactivation can also be induced after immunosuppressants. While this model mimics human disease in that it achieves low bacterial loads during latency, the artificial suppression of bacterial replication has made it controversial -- antibiotics are started only 20 min after infection. The outcome of the Cornell model is also heavily dependent on the experimental parameters, including the dose of inoculum and dose of antibiotics (Scanga et al., [@B76]). New animal models of Mtb latency would be invaluable tools for the study of latent disease.

In the transplant model presented here, a small number of non-expanding mycobacteria at a known anatomical site can be maintained and then induced to disseminate and proliferate after transplantation into immune-deficient hosts such as TNFαKO recipients. Transplantation of chronically, BCG-infected donors into TNFαKO, but not WT recipients, results in dissemination (Figure [5](#F5){ref-type="fig"}). That granulomas with live, non-expanding bacilli disseminate when put into TNFαKO, but not WT recipients, highlights this model's usefulness and relevance to human disease, as well as its potential to act as a latency and dissemination model. Additionally, granuloma transplantation can serve as a new platform for probing the effects of host protection factors, bacterial mutants, and the effects of new drugs during mycobacterial latency and dissemination. An advantage to the system is that the dissemination pattern and movement of bacteria can be tracked since transplant recipients have no pre-established granulomas or mycobacteria themselves.

![**Non-expanding BCG from WT chronic granulomas can be induced to disseminate and expand after transplantation into TNFαKO, but not WT, recipients**. Disseminated bacteria are measured by CFU and fluorescent microscopy of recipient target organs such as spleen and renal lymph node. These experiments highlight the system's potential as a new model of bacterial dissemination to study host protection factors (bottom), bacteria mutants, and new drugs/therapies.](fmicb-02-00245-g005){#F5}

Host factors needed to prevent bacterial dissemination
------------------------------------------------------

Our dissemination experiments show the model's capacity to test how chronic granulomas containing non-expanding mycobacteria respond to systemic deficiencies of important immune factors. While systemic deficiencies are often the precursor to reactivation of latent Mtb, the extent to which and exactly what types of deficiencies matter is not well known. The importance of TNFα in maintaining latent disease was underlined by the observation that arthritis patients on anti-TNFα therapy had higher incidences of reactivation (Gardam et al., [@B33]; Wolfe et al., [@B98]; Keane, [@B48]). This model can test any host factor for which there is a KO animal -- the unique advantage is that it tests systemic deficiencies against granulomas that evolved under immune-competent conditions.

Bacterial factors required for dissemination
--------------------------------------------

In addition to host factors, the bacterial proteins and pathways involved in Mtb reactivation and dissemination, while potentially important drug targets, remain poorly understood. Mtb transitions to and persists during latency by undergoing dramatic changes in its own metabolism -- by shifting toward lipid-based food sources, for example -- and by manipulating the cellular environment it occupies to create a niche for survival. Bacteria deficient in Mce4, a cholesterol transporter that facilitates cholesterol catabolism (with other enzymes like HsaC), have an impaired ability to survive during the chronic stages of infection (Pandey and Sassetti, [@B66]). Mice with defective isocitrate lyase 1, an enzyme that helps Mtb retain carbon instead of losing it to carbon dioxide during limited supply, have a similar inability to survive during chronic infection (Behr et al., [@B6]; Gordon et al., [@B37]; McKinney et al., [@B60]). While these strategies demonstrate Mtb's metabolic adaptability during the transition into latency, they also imply an equivalent set of metabolic changes that drive Mtb *out* of latency to reactivate and disseminate.

The transplant model could help identify these lipid or protein factors by testing the influence of specific bacterial mutations on the dissemination of non-expanding mycobacteria (assuming the mutant reaches a non-expanding state). To do so would require transplantation of mutant BCG-infected donors into immune-deficient recipients, where any dissemination and expansion of mycobacteria can be measured. Admittedly, looking at factors driving the dissemination of non-dividing mycobacteria is only part of the total reactivation equation. One limitation in this approach is that IP infection of BCG in mice does not induce granuloma necrosis, which in humans is an important facilitator of bacterial dissemination (Tsai et al., [@B90]; Russell et al., [@B74]). Still, to uncover even a fraction of the total bacterial strategy related to reactivation and dissemination is an important contribution. The generation of any new "hits" on bacterial factors related to the dissemination of non-expanding BCG in mice could provide a more focused lens to examine the genome of virulent Mtb, which is 99.9% identical to that of BCG (Philipp et al., [@B68]). It is also likely that granuloma transplantation can be extended to include Mtb-infected donors, although at this point it is not clear if bacteria would be contained in the transplant (as in the case of BCG) or disseminate when put into WT recipients.

Drug testing on mycobacterial latency and dissemination
-------------------------------------------------------

Most of the first-line anti-TB drugs preferentially target actively dividing mycobacteria. Some persisting mycobacteria escape the action of these drugs either through the development of drug resistance and/or the transition into dormancy (Wallis et al., [@B94]; Gomez and McKinney, [@B36]; Paramasivan et al., [@B67]; Zhang, [@B100]; Connolly et al., [@B15]). For this reason sterilization of an infected person by antibiotics is difficult. When drugs are administered during latent infection, the goal is to prevent reactivation and dissemination of latent bacilli (Blumberg et al., [@B8]). Mtb's unique ability to transition into dormancy, coupled with the inefficacy of antibiotics against latent bacilli, has contributed to the huge reservoir of Mtb-infected people. Even a breakthrough vaccine preventing infection would still leave this group susceptible to reactivation and dissemination. Only recently have certain Mtb proteins -- such as the unique prokaryotic proteosome -- been identified that could have special potential as drug targets during bacterial latency (Darwin et al., [@B20]; Cerda-Maira and Darwin, [@B10]; Lin et al., [@B51]; Gandotra et al., [@B32]). The development of drugs that target latent mycobacteria will require the identification of additional bacterial factors needed for dormancy and also a system to test the efficacy of new drugs on these targets. While *in vitro* assays on stationary mycobacteria can screen huge libraries of compounds to identify promising candidates, *in vivo* models more accurately reflect the biology of latency, which is needed to accurately measure the efficacy of latent bacteria-targeting drugs. The transplant system could be used as just this type of *in vivo* system. New drugs would be administered to chronically infected WT mice before transplantation into TNFαKO (or other KO) recipients to test if non-expanding mycobacteria can be eliminated by drugs.

Limitations
===========

As with most surgeries, there is induced stress on recipients from incisions and displacement of transplanted tissues. The immune reaction to physical stress could be different from or augment the reaction resulting from mycobacteria-containing granulomas that are not transplanted. For this reason transplantation of uninfected tissue in any experiment is an important control in understanding the consequences of surgery alone and stress-induced immunity.

The length of survival of transplanted tissue itself is also a concern. While mycobacterial latency can persist indefinitely, it is unlikely that transplanted tissue would do so as well. We have detected viable bacilli in transplanted tissue up to 1 month after surgery. Two weeks after surgery viable BCG in transplanted tissue can be removed and retransplanted into an immune-deficient host to induce bacterial dissemination. Granuloma cells have a limited life-span, however, and our transplants using GFP+ recipients demonstrate the intense repopulation of recipient tissue and granulomas with donor cells. After a certain time transplanted tissue will likely be made up almost exclusively of immigrating host cells, and so there is a finite window to study mycobacterial--host interactions by granuloma transplantation.

Modeling latency and dissemination in the mouse has been particularly controversial. While virulent Mtb infection in humans usually results in control of infection and clinical latency, without antibiotic treatment Mtb in mice leads to a non-resolving acute infection (Sever and Youmans, [@B82]; Bloch et al., [@B7]; Orme, [@B64]). Mouse BCG infection shares some important features of human disease, such as the resolution of acute infection with high bacterial loads to chronic infection with a few persisting, non-expanding bacteria. There are, however, important differences. BCG lacks the RD1 region of the genome, which in Mtb encodes important virulence factors like ESAT6:CFP10, that drive/control much the host immune response (Hsu et al., [@B42]; Lewis et al., [@B50]; Guinn et al., [@B38]; Derrick and Morris, [@B23]; Smith et al., [@B84]). These virulence factors undoubtedly play a role in the overall shaping of the acute immune response required for the transition to latency. Non-expanding BCG from chronically infected mice can still be identified and cultured, but in humans latency is partly defined by the inability to find or culture bacteria. It is also unclear how closely the metabolic changes of BCG leading to a non-expanding state mirror the metabolic changes of Mtb in humans required for the transition to latency. The non-human primate model has gained recent attention for more closely resembling the spectrum of granulomas seen in humans, as well as the ability to transition into clinical latency after infection with virulent Mtb (Capuano et al., [@B9]; Lerche et al., [@B49]; Lin et al., [@B52]). Transplantation in non-human primates, however, would be a costly and technically prohibitive procedure to almost any lab. In mice the surgery is inexpensive, requires no special instruments, and can be performed in less than 5 min per animal.

Technically the most feasible model for granuloma transplantation is mouse liver infected with BCG or Mtb. There are many important differences between mycobacterial granulomas in different hosts, different organs, and different mycobacterial species, all of which generate different granulomatous lesions. In humans, for example, some Mtb granulomas in the lung are necrotic and caseating; granuloma caseation occurs only in a few mouse strains (Tsai et al., [@B90]; Russell et al., [@B74]). There are, however, important similarities between liver granulomas in the mouse and other granulomas. The main cellular components of liver and lung granulomas are similar in most mycobacterial granulomas, as is the crucial role of cytokines such as TNFα and INFγ. Granuloma transplantation can be a useful tool as long as the limitations of the model of infection are accounted for during the interpretation of results. Many animal TB models, the differences of which are outside the scope of this review, have been described that differ in the strain of mycobacteria, the inoculation dose, the species of animal, and the route/tissue of infection (McMurray et al., [@B61]; Smith et al., [@B83]; Kaufmann, [@B47]; Gupta and Katoch, [@B39]), and the model described here will not reflect all of those differences.

Conclusion
==========

The complex host--pathogen relationship during infection with mycobacteria, especially during bacterial latency, remains poorly understood. Dissecting this relationship will help the development of next generation vaccines and new drugs needed to combat the deadly TB-AIDS co-pandemic and Mtb drug resistance. Presented here is a new tool to help in this endeavor: granuloma transplantation. This unique system has been used to study parts of the host--pathogen biology that have been difficult to study with the available tools and animal models. First, we transplanted mycobacteria-containing granulomas into GFP+ recipients to study individual granuloma cell traffic and repopulation by host cells. The data show a complex and dynamic traffic of cells into pre-existing granulomas, a process that takes place not only in acute granulomas with high bacterial load and anti-microbial activity, but also in chronic granulomas with low bacterial load and low anti-microbial activity. Surprisingly, this repopulation takes place at a higher rate in chronic granulomas compared to acute ones for some cell types. These results challenge the idea that a chronic granuloma is a static structure, instead suggesting that it is repopulated with new cells and/or completely reformed at a new location. Next, we showed that recipient DCs migrate into, and donor DCs migrate out of, both acute and chronic granulomas and that this migration supports systemic priming of mycobacterial-specific CD4+ T-cells. The results suggest that even during times of low antigen load in granulomas with little anti-microbial activity, DC surveillance and transportation of bacterial antigen to the lymph nodes likely contribute to the maintenance and control of infection.

While these studies highlight the connectedness of local and systemic immune processes, we also studied the independence of local and systemic requirements for host protection factors by transplantation of immune-competent or -deficient hosts and donors. The results show that, for some host factors, the granuloma can protect against systemic deficiencies, but not for other host factors. Local lymphocytes can prevent bacterial dissemination in the absence of systemic lymphocytes, at least transiently, but local TNFα cannot prevent dissemination in the absence of systemic TNFα.

Finally, the transplant system has potential to serve as a novel latency and bacterial dissemination model. The best-known model of latency, the Cornell model, has remained relatively unchanged for over 50 years. Using our system, non-expanding mycobacteria from chronic granulomas can be maintained and then induced to disseminate by transplantation into TNFαKO mice. These conditions are analogous to the immune-deficient conditions that lead to reactivation of latent Mtb in humans. Our approach shows that the transplant system can be used to test the effects of any host protection factor on mycobacterial latency and dissemination. Additionally, the system can be used to test how specific bacterial mutants during chronic infection disseminate under immune-deficient conditions. These experiments could uncover new bacterial proteins and lipids involved in reactivation and dissemination, processes that in humans are required for Mtb transmission after latency. Finally, the system could serve as a useful *in vivo* platform to test the effects of new drugs on non-expanding bacilli.

New methods can provide new insights, and we have shown that granuloma transplantation is a useful approach to study key aspects of the host--mycobacterial relationship. Moving forward we hope the technology will grow in the diversity of its application and usefulness with other granuloma-inducing pathogens.
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